The effects of glucose-insulin-potassium (GIK) infusion and glucose (G) infusion started 30 min after experimental coronary occlusion and the combination of GIK and propranolol (P) started 3 hours after coronary occlusion on the development of myocardial infarction were studied in 37 dogs. Fifteen minutes after the coronary occlusion, epicardial electrocardiograms were recorded at 10-15 sites; 24 hours later transmural specimens were obtained from the same sites for determination of myocardial creatine phosphokinase (CPK) activity and the evaluation of morphologic changes. In the control group (normal saline infusion) the relationship between S-T-segment elevation (mv) 15 min after occlusion and CPK activity (IU/mg of protein) 24 hours later was: log CPK = -0.064 S-T + 1.24; r = 0.81. In the GIK group, the infusion was begun 15 min following epicardial mapping, and sites with the same S-T-segment elevations showed less CPK depression than did the control group: log CPK =-0.022 S-T + 1.25. The G group also showed less CPK depletion than the control group but to a somewhat lesser extent than the GIK group (log CPK = -0.030 S-T + 1.20). The group receiving GIK and P 3 hours after occlusion also showed less CPK depression than did the control group (log CPK =-0.034 S-T + 1.26). Histologic analysis in 24-hour specimens showed that sites which exhibited S-T-segment elevation 15 min after occlusion showed normal histology in 3% of specimens obtained from control dogs, while the other 97% showed early signs of myocardial infarction. However, in the GIK group, 36% of the specimens with S-T-segment elevation prior to the infusion were histologically normal 24 hours later, while in the G group 30% were normal, and in the GIK and P group 17% were normal. Electron microscopy confirmed the morphologic changes observed by light microscopy. Thus, in the presence of experimental coronary occlusion, GIK exerts a protective effect against myocardial ischemia and reduces the extent of myocardial necrosis. G alone acts similarly but to a lesser degree, while a beneficial effect can also be demonstrated when GIK and P are started 3 hours after the onset of coronary occlusion.
INFARCT SIZE AND GIK INFUSION
T WO SERIOUS consequences result from occlusion of the coronary arteries and the resultant myocardial infarction: (1) the development of primary arrhythmias; and (2) the failure of the cardiac pump mechanism, manifesting itself in the acute stage either as acute pulmonary edema or cardiogenic shock or later as chronic congestive heart failure. Successful treatment and prophylaxis of the first group of complications is possible and is dependent on their early recognition, but management of pump failure has been far more difficult. Patients who develop one of the forms of this common complication generally have large areas of myocardium which have become infarcted as a consequence of the development of coronary occlusion. Therefore, measures which reduce the extent of infarction following occlusion are likely to prove beneficial in diminishing the incidence and severity of pump failure. In earlier studies performed in our laboratory it was shown that the extent of damaged myocardium following coronary occlusion, as assessed by epicardially recorded currents of injury and by reduction of myocardial creatine phosphokinase (CPK) concentration, can be modified by changes in the balance between the availability and requirements for oxygen by the myocardium. [1] [2] [3] Normally, the heart derives essentially all of its energy from the oxidation of various subtrates within the Krebs cycle. However, the myocardium possesses the capacity to derive significant amounts of energy from anaerobic glycolysis in the absence of oxygen.4 5 In the present investigation we wished to determine whether anaerobic glycolysis could provide sufficient energy to limit the extent of myocardial necrosis following coronary occlusion. It was reasoned that if the size of a myocardial infarct is dependent on the balance between the availability of and requirement for the various compounds involved in energy production, then the anatomic and functional integrity of cardiac muscle might be preserved by increasing anaerobic glycolysis. The specific goal of this investigation was to examine the effects of the infusion Circulation, Volume XLV, June 1972 of glucose-insulin-potassium (GIK), glucose alone (G), and the combination of infusion of glucose-insulin-potassium and propranolol (GIK + P) on the extent of myocardial necrosis following acute coronary occlusion.
Methods
Studies were carried out in 37 mongrel dogs weighing between 17 and 27 kg, anesthetized with sodium thiamylal (25 mg/kg) with respiration maintained with a Harvard respirator. The heart was exposed through a left thoracotomy and suspended in a pericardial cradle. A branch of the left anterior descending coronary artery (LAD), generally the apical branch, or the LAD itself was dissected from the adjacent tissues and ligated with a Mersilene tie. Epicardial unipolar electrocardiograms were obtained from 10 to 15 sites on the anterior surface of the left ventricle as described in detail previously. ' The epicardial sites chosen were anatomically easily recognizable and were located in the central area supplied by the occluded artery, in zones of the left ventricle remote from the occluded artery which presumably were adequately perfused, and in intermediate zones. The epicardial electrocardiograms were recorded prior to and 5, 10, 15, and 20 min following coronary occlusion. The chest was then closed in layers and the pleural cavity drained with an underwater self-retaining catheter. The dogs were allowed to awaken, but were sedated with additional small doses of sodium thiamylal throughout the following 24 hours; during this period their systemic arterial pressure (Statham pressure transducer, model P23Db) and electrocardiogram (lead aVF) were continuously monitored. Blood samples for potassium, glucose, and hematocrit determinations were obtained before the start of the infusions and 6, 12, and 24 hours thereafter. Serum potassium was monitored during the experiment so that the potassium content of the infusate could be readjusted to prevent hyperkalemia. The animals were reanesthetized 24 hours after occlusion, placed on artificial respiration, their chests reopened, and the heart excised. Transmural specimens for the analysis of myocardial creatine phosphokinase (CPK) concentration and histologic examination were obtained from the sites at which epicardial electrocardiograms had been previously recorded. Biopsies for electron microscopy specimens were obtained from the beating heart in situ, using a pressurized biopsy drill,0 and were immediately fixed in glutaraldehyde.
The animals were divided into 4 groups. An intravenous infusion of 40 ml/kg/24 hours (0.028 ml/kg/min) was administered to all dogs. In groups 1, 2, and 3, it commenced 30 min following the occlusion. In group 4, it was initiated 3 hours following occlusion.
Group 1-Control: In the 11 dogs in this group the infusate was normal saline.
Group 2-GIK: In the 14 dogs in this group every liter of infusate contained 500 g glucose, 210 mEq KCI, and 102 units of regular insulin. It provided 14 x 10-3g glucose, 5.8 x 10-3 mEq KCI, and 2.9 x 10-3 units of insulin/kg/min. If the potassium blood levels rose above 5 mEq/liter at any time during the experiment the concentration of potassium in the infusion fluid was reduced to one third of the value indicated above, i.e., to 1.9 mEq KCI/liter, and if plasma potassium exceeded 7 mEq/liter a potassium-free infusion was substituted while insulin and glucose concentration and the rate of infusion remained constant.
Group 3-G: In six dogs the infusate was 500 g glucose/ liter.
Group 4-GIK+ P: In six dogs the infusate was a solution of GIK of the same composition and administered at the same rate as in group 2, but it was not begun until 3 hours after the occlusion; in addition, at the same time, 1 mg/kg of propranolol (P) was administered. Additional doses of propranolol (0.25 mg/kg) were subsequently administered by bolus intravenous injections, 9, 15, and 21 hours after occlusion. (l,u) were cut on a Sorvall MT2B Porter-Blum ultramicrotome and stained with toluidine blue for orientation. Thin sections were stained with uranyl acetate and lead citrate and examined with a Zeiss 9A electron microscope. Five grids from each of five blocks were studied so that a total of 25 grids were examined from each site. Eighteen biopsy sites from two control animals and 18 biopsy sites from two treated animals were studied. As was the case for the histologic examination, the biopsy sites were examined by an observer who did not have prior knowledge of their origin.
The criteria for grading the specimens were based upon the ultrastructural alteration which than the infusion of normal saline, arterial pressure had declined significantly below preocclusion values 12 hours later. Similarly, ventricular rate had increased significantly 6 hours postocclusion and remained elevated thereafter (table 1) . Six hours after occlusion all the dogs exhibited frequent tachyarrhythmias, as commonly observed in dogs after coronary ligation.16 These were not treated with electrical countershock or antiarrhythmic drugs. Serum K and plasma glucose showed little variation while the hematocrit rose significantly from a preocclusion value of 43% to 50% 6 hours later, and it then remained stable for the remainder of the 24-hour observation period.
In sites with normal S-T segments (< 2 mv), the CPK values averaged 18.5 + 0.5 (SEM) IU/mg protein, levels similar to those in the normal heart as previously reported.' In sites with abnormal S-T-segment elevations, variable degrees of CPK depression were noted depending upon the degree of elevation (figs. 1 and 2). The relationship between S-Tsegment elevation 15 min following occlusion and myocardial CPK values from the same sites 24 hours later was log CPK =-0.064 S-T + 1.24 (r = -0.81; 10 dogs; 72 biopsies; fig. 3 ).
Histologic studies (H&E, glycogen, and fat stains) were carried out in five dogs (58 biopsies Example of an experiment in group 2 (GIK infusion). (Left) Schematic representation of the heart. The shaded area represents the area of S-T-segment elevation 15 min after occlusion; circles represent the sites from which specimens were obtained. (Right) Comparison between S-T-segment elevation 15 min following coronary occlusion and CPK activity and histologic changes 24 hours later (GIK infusion was started 15 min after the ECG recordihgs). Note that sites B, D, G and H exhibited S-T-segment elevations but only slightly reduced CPK activity and normal histology.
hours commencing 30 min after occlusion, the changes in heart rate, rhythm, arterial pressure, and hematocrit were similar to those observed in groups 1 and 2 ( In essence then, it appears that, as might be predicted, the size of the injured zone can be influenced in a decisive manner by alterations in the balance between oxygen availability and oxygen requirements.'9
The present investigation amplifies the scope of these studies in two significant directions. First, the value of epicardial S-Tsegment elevations 15 min following occlusion in predicting tissue damage 24 hours later is extended to include histologic and electron microscopic verification of tissue damage; and, secondly, the concept of the dependence of infarct size on myocardial energy balance is extended to encompass substances that are capable of augmenting energy production by stimulating anaerobic glycolysis. Thus, in this study, it was shown in control animals that epicardial S-T-segment elevation exceeding 2 mv not only correlates well with depletion of CPK activity 24 hours later,' as had been demonstrated earlier, but also that it presages myocardial necrosis as determined histologically. This correlation is of special relevance since the diagnosis of myocardial infarction has classically been based on histologic rather than on biochemical findings."1 -'
The present findings are also in accord with previous observations indicating that total depletion of CPK in rabbit myocardium is proportional to the size of experimentally produced myocardial infarcts defined by gross inspection.20 Furthermore, electron microscopic studies in control dogs showed that areas which exhibited S-T-segment elevations 15 min following occlusion showed a variety of changes 24 hours later. These included a reduction of glycogen granules, swelling and rupture of mitochondria, intramitochondrial Circulation, Volume XLV, June 1972 granules, myofibrillar stretching, contracture bands, rupture of sarcolemma, and margination of nuclear chromatin, all of which are characteristic of ischemic necrosis. On the other hand, areas of epicardium which showed no S-T-segment elevations had a normal ultrastructure 24 hours later. In conclusion, in the absence of interventions, epicardial S-T-segment elevations 15 min following occlusion accurately predicted the morphologic and biochemical integrity of the tissue, as determined 24 hours later. These findings are in accord with earlier observations that electrocardiographic changes characteristic of ischemic injury correlate well with an increase in anaerobic myocardial metabolism.21, 22 The rationale for trying to enhance energy production in the ischemic myocardium with glucose-insulin-potassium infusion was based on several considerations. It has been shown by Morgan et al.23 that under aerobic conditions, in the presence of physiologic concentration of glucose, the heart derives only a negligible fraction of its energy from anaerobic glycolysis. However, this fraction increases progressively as: (1) the heart is rendered anoxic, (2) the perfusion medium is enriched with glucose, and (3) insulin is added. Weissler et al.24 have demonstrated that both the electrical and mechanical function of an anoxic isolated Langendorf heart preparation was improved and recovery made more rapid when glucose was included in the perfusate. Moreover, there is evidence that the glycogen content of the myocardial cell parallels its capability to withstand anoxia2528 and that administration of glucose and insulin increases the cellular concentration of glycogen as well as muscular function in both normal and anoxic hearts.5 23 29 32
It is well recognized that under normal conditions the heart derives a substantial fraction of its energy from the oxidation of fatty acids. This process cannot continue in the absence of oxygen, and during ischemia the heart extracts less free fatty acids than glucose, and glucose in fact becomes the principal source of energy.33 The membrane Circulation, Volume XLV, June 1972 barrier to glucose entry into the cell may be overcome by high extracellular concentration of glucose and insulin, and glucose metabolism is then limited only by the activity of the phosphorylating enzymes, especially phosphofructokinase and hexokinase.23' [34] [35] [36] Also, it has been demonstrated in the dog heart that oxidative phosphorylation as well as cardiac function are enhanced by glucose-insulinpotassium infusion. 37 All of these studieS24' 26, 29. 30, 37 have shown that when the oxygen available to the myocardial cell is reduced the stimulation of anaerobic metabolism is capable of improving the energy balance of the heart. Other beneficial effects have also been ascribed to glucose or the combination of glucose, insulin, and potassium. These included increases in contractility due to the hyperosmolar action of glucose,38 39 reduction in circulating free fatty acids,40 which may exert an arrhythmogenic effect, restoration of intracellular potassium, and stabilization of the membrane potential.41 42 In the present investigation we have shown that glucose-insulin-potassium infusion strikingly reduced the degree of myocardial damage resulting from coronary occlusion in the dog; this conclusion is based on a comparison of the relation between electrocardiographic evidence of myocardial ischemic injury 15 min following coronary occlusion with biochemical, histologic, histochemical, and ultrastructural evidence of damage at the same sites 24 hours later in control dogs and glucose-insulin-potassium-treated groups. It was found that this treatment reduced the expected lowering of myocardial CPK activity; many sites, which on the basis of observations in control dogs were expected to show striking reductions of CPK activity, actually exhibited normal CPK activity. Similar findings were observed by histologic analysis. Areas of myocardium which exhibited S-T-segment elevations 15 min following occlusion and which on the basis of observations in control animals were expected to exhibit such signs of necrosis as lack of cross striations, pyknosis, karyorrhexis, fat granules, glycogen depletion, and inflammatory cell infiltration did not always exhibit these changes; actually, they were absent in 36% of the specimens obtained from the glucoseinsulin-potassium-treated dogs in which they were expected. Since glycogen depletion is the first sign of myocardial infarction observed by light microscopy, and since preservation of glycogen stores could be responsible for the preservation of normal histology following GIK treatment, sections from the same specimens were stained for glycogen, and again 34% of the specimens which were expected to show glycogen depletion exhibited normal glycogen stores. Similarly, the appearance of fat granules in myocardial fibers, which is a later sign of cellular injury, was less evident in the treated animals. In almost every instance, there was excellent correspondence between preservation of glycogen stores and histologic appearance. Moreover, electron microscopic studies also showed a protective effect on the ultrastructure of the cell, conserving the normal morphology of mitochondria, myofibrils, membranes, and nuclei; the preservation of glycogen, histochemicaliy demonstrated by light microscopy, was confirmed by electron microscopy.
Glucose alone also limited myocardial damage following coronary occlusion, but, perhaps to a somewhat lesser extent than the GIK combination. In the absence of added insulin, but in the presence of added glucose, membrane transport may be the step which limits glucose utilization and may therefore limit the enhancement of energy production by means of anaerobic glycolysis. The action of insulin in stimulating the activity of the more active form of glycogen synthetase43 may also explain the tendency to a somewhat lesser protective effect on glycogen stores when glucose alone is infused as compared to GIK. The importance of a possible protective action of potassium in the GIK-treated animals cannot be excluded by these data.
However, it is unlikely since we did not observe any reduction in cardiac arrhvthmias44 45 in the GIK-treated dogs. Although they do not definitely exclude it, our results do not support the theory that the effect of glucose administration is simply through its osmolar action46 because GIK did not exert less of a protective effect than glucose alone, despite the lower blood glucose concentration in group 2 than in group 3 (table 2) . Rather, the results support the hypothesis that glucose maintains cellular integrity by increasing energy production through enhanced glycolysis. 47 48 For the GIK solution to exert any effect it must reach the oxygen-deprived cells. The areas of myocardium totally spared were, in general, in the periphery of the zones exhibiting ischemic injury. Presumably the cells in this zone were perfused sufficiently by neighboring unoccluded vessels to allow them to be exposed to GIK, yet their PO2 was sufficiently reduced that their viability was threatened, in the absence of enhanced glycolysis.
The results obtained in the dogs in group 4 which received GIK and propranolol commencing as late as 3 hours after occlusion demonstrated that even at this time the extent of myocardial damage may still be favorably influenced by this combination. This finding is in accordance with previous observations of reduced electrocardiographic evidence of ischemic injury in experimental animals and in patients several hours after coronary occlusion, by decreasing myocardial oxygen consumption or by increasing coronary perfusion pressure. l-3
The combination of propranolol with GIK was employed because of our earlier finding that propranolol decreased the extent of ischemic injury and subsequent CPK reduction,' probably by decreasing myocardial oxygen requirements. The beneficial metabolic effect of beta-adrenergic blockade can also be appreciated by the observed shift from anaerobic to aerobic metabolism. 49 The effects of propranolol may be related also to redistribution of coronary flow. 50 The relative contributions made by the beta-adrenergic blockade and by GIK in diminishing myocardial necrosis 3 hours after occlusion in the present study were not examined. laborative study6' suggest that they might be related to differences in the concentrations of insulin and glucose employed; they may also be related to the varying time intervals between the onset of the ischemic process and the onset of therapy. It is quite possible that patients whose treatment started within an hour after the onset of symptoms might be affected differently from those whose treatment is delayed for 48 hours.
In conclusion, GIK administration in the normal dog prevents some myocardial cells from undergoing ischemic necrosis following occlusion. Moreover, when it is employed in combination with propranolol, the extent of myocardial damage may be reduced even when the intervention is delayed for as long as 3 hours following coronary occlusion. These results suggest that further trial of this treatment in patients with acute myocardial infarction is warranted, perhaps using higher doses of glucose-insulin-potassium than those employed clinically heretofore; that treatment be begun just as soon after the onset of ischemia as possible; and that the results be evaluated not only by an examination of the effect on mortality but also with the use of methods capable of estimating infarct size. 
